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1 Introduction 
2YHU WKH ODVW IHZ GHFDGHV ZLQG HQHUJ\ KDV EHHQ ZLGHO\
DGRSWHGDVDFOHDQDQGUHQHZDEOHHQHUJ\VRXUFH$FFRUGLQJ
WR D UHSRUW SXEOLVKHG E\ WKH (XURSHDQ :LQG (QHUJ\
$VVRFLDWLRQ(:($WKHVKDUHRIUHQHZDEOHHQHUJ\LQ
WRWDOQHZSRZHUFDSDFLW\LQVWDOODWLRQVLQWKH(XURSHDQ8QLRQ
KDVJURZQIURPWRGXULQJDQG2IDOO
*:RIQHZSRZHUFDSDFLW\LQVWDOODWLRQVLQWKH(8VLQFH
RYHUKDVEHHQZLQGSRZHU:KLOHRIIVKRUHZLQG
EXVLQHVVLVJURZLQJUDSLGO\DORWRIUHVHDUFKLQVWLWXWLRQVDQG
FRPSDQLHV DUH QRZ EXV\ GHYHORSLQJ DQG GHVLJQLQJ QHZ
JHQHUDWLRQ IORDWLQJ RIIVKRUH ZLQG WXUELQHV ZKLFK ZLOO EH
LQVWDOOHGLQGHHSZDWHUDUHDV'HHS&ZLQG)25:$5'
4XDOOHQHWDO7UDQDQG.LP7KHUHDVRQV
DQGDGYDQWDJHVRIIORDWLQJZLQGWXUELQHVLQGHHSZDWHUDUHDV
DUHVKDOORZZDWHUVLWHVIRUIL[HGZLQGWXUELQHVDUHOLPLWHG
ZLQGIDURIIWKHFRDVWLVHYHQPRUHDEXQGDQWSXEOLFFRQFHUQ
DERXWYLVXDOLPSDFWVFDXVHGE\WXUELQHVFDQEHPLQLPL]HG  
8QOLNHLWVIL[HGFRXQWHUSDUWDIORDWLQJZLQGWXUELQHPXVWEH
VXSSRUWHG E\ D IORDWLQJ SODWIRUP ZKLFK KRZHYHU IXUWKHU
FRPSOLFDWHV WKH GHVLJQ SURFHVV7KH XSSHU WXUELQH DQG WKH
ORZHUVXSSRUWLQJSODWIRUPDUHFRXSOHGLQRQHZD\RUDQRWKHU
7KUXVW DQG WRUTXH DFWLQJ RQ WKH WXUELQH DUH DGGHG WR WKH
PRWLRQHTXDWLRQV\VWHPRIWKHSODWIRUPZKLOHWKHPRYHPHQW
RI WKH ODWWHU DOVRDIIHFWV WKHSRVLWLRQDQGRULHQWDWLRQRI WKH
IRUPHUWKXVLWVDHURG\QDPLFSHUIRUPDQFH0XFKUHVHDUFKRQ
WKHDHURG\QDPLFDQDO\VLV IRUD IORDWLQJZLQG WXUELQHXQGHU
WKH LQIOXHQFH RI WKH SODWIRUP PRWLRQ KDV EHHQ GRQH E\
GHFRXSOLQJWKHPRYHPHQWRIWKHSODWIRUPIURPWKHV\VWHPDV
DVLPSOLILFDWLRQJeon et al.2014DGRSWHGDYRUWH[PHWKRG
WR VLPXODWH D IORDWLQJ ZLQG WXUELQH XQGHUJRLQJ SUHVFULEHG
SLWFKPRWLRQ,WZDVVKRZQWKDWZKHQWKHSODWIRUPPRYHVLQ
WKH XSZDUG GLUHFWLRQ WR WKH SRVLWLRQ ZLWK KLJKHVW YHORFLW\
WKUXVW EHFRPHV ODUJHVW DV ZHOO GXH WR WKH ODUJHVW UHODWLYH
YHORFLW\ (IIHFWV RI LQGXFHG YHORFLW\ ZHUH DOVR VWXGLHG de 
                                                          
&RUUHVSRQGLQJDXWKRU(PDLOTLQJ[LDR#VWUDWKDFXN 
Vaal et al. 2014 VWXGLHG D IORDWLQJ ZLQG WXUELQH ZLWK
SUHVFULEHGVXUJHPRWLRQXVLQJWKH%(0PHWKRGZLWKYDULRXV
G\QDPLFZDNHPRGHOVDVZHOODVWKHDFWXDWRUGLVNPHWKRG,W
ZDV VKRZQ WKDW WKH LQWHJUDWHG URWRU ORDGV ZHUH DOPRVW WKH
VDPH IRU DOO PHWKRGV LQGLFDWLQJ WKDW FXUUHQW HQJLQHHULQJ
PRGHOVIRUZDNHG\QDPLFVVHHPWREHVXIILFLHQWO\FDSDEOHRI
GHDOLQJZLWKWKHDGGLWLRQDOXQVWHDG\VXUJHPRWLRQRIDZLQG
WXUELQHURWRULQDJOREDOIRUFHDQDO\VLVTran and Kim2015
DQG Tran et al. 2014 XVHG FRPPHUFLDO &)' SDFNDJHV WR
VWXG\WKHDHURG\QDPLFSHUIRUPDQFHRID)2:7H[SHULHQFLQJ
SODWIRUPSLWFKLQJPRWLRQ5HVXOWVZHUHFRPSDUHGZLWKWKRVH
IURP RWKHU VLPSOLILHG PRGHOV $HURG\QDPLF ORDGV RI WKH
EODGHZHUHGHPRQVWUDWHGWRFKDQJHGUDVWLFDOO\ZLWKUHVSHFW
WRWKHIUHTXHQF\DQGDPSOLWXGHRISODWIRUPSLWFKLQJPRWLRQ 
0RVWRIWKHUHVHDUFKZRUNKDVIRFXVHGRQSUHVFULELQJDVLQJOH
GHJUHHRIIUHHGRP'R)IRUWKHSODWIRUP+RZHYHUIURPWKH
SHUVSHFWLYH RI D IORDWLQJ VWUXFWXUH DPRQJ WKH DOO 'R)
PRWLRQUHVSRQVHVVXUJHKHDYHDQGSLWFKDUHXVXDOO\SUHVHQW
DWWKHVDPHWLPH%\WDNLQJWKHVHWKUHHGHJUHHVRIIUHHGRP
LQWR FRQVLGHUDWLRQ VLPXOWDQHRXVO\ D PRUH UHDOLVWLF
UHSUHVHQWDWLRQIRUWKHPRYHPHQWRIWKHVXSSRUWLQJSODWIRUP
FRXOGEHPDGHDQGWKHHIIHFWVRIWKHSODWIRUPPRWLRQRQWKH
DHURG\QDPLFSHUIRUPDQFHRIDIORDWLQJZLQGWXUELQHFRXOGEH
EHWWHU LOOXVWUDWHG ,Q WKLV SDSHU WKH RSHQ VRXUFH &)'
IUDPHZRUN NQRZQ DV 2SHQ)2$0 2SHQ)2$0  LV
DGRSWHG WR VWXG\ WKH HIIHFWV RI WKH VXSSRUWLQJ SODWIRUP
PRWLRQRQWKHDHURG\QDPLFVRIDZLQGWXUELQH7KHSODWIRUP
PRWLRQ UHVSRQVHV LQFOXGLQJ VXUJH KHDYH DQG SLWFK DUH
VXSHULPSRVHGRQWRWKHURWDWLRQRIWKHZLQGWXUELQH 
2 Methodology 
,Q WKH SUHVHQW VWXG\ WKH SLPSOH'\0)RDP VROYHU LQ
2SHQ)2$0LVXVHGZKLFKLVVXLWDEOHIRUVROYLQJWUDQVLHQW
LQFRPSUHVVLEOH DQG VLQJOHSKDVH IORZ RI 1HZWRQLDQ IOXLGV
ZLWKWKHPRYLQJPHVKFDSDELOLW\2SHQ)2$07KH
LQFRPSUHVVLEOH 5H\QROGVDYHUDJHG 1DYLHU6WRNHV 5$16
<XDQFKXDQ/LXHWDO,QYHVWLJDWLRQRIWKHHIIHFWVRIWKHSODWIRUPPRWLRQRQWKHDHURG\QDPLFVRIDIORDWLQJRIIVKRUHZLQGWXUELQH  
 
 
HTXDWLRQVZLWKWKHNȦ667WXUEXOHQFHPRGHODUHGLVFUHWLVHG
XVLQJ WKH )LQLWH 9ROXPH 0HWKRG )90 7KH 3,03/(
PHUJHG3,626,03/(DOJRULWKPLVDSSOLHGWRGHDOZLWKWKH
YHORFLW\SUHVVXUH FRXSOLQJ LQ D VHJUHJDWHG ZD\$ VHFRQG
RUGHU EDFNZDUG VFKHPH LV XVHG IRU WKH WHPSRUDO
GLVFUHWLVDWLRQDQGDVHFRQGRUGHUXSZLQGVFKHPHLVDSSOLHG
IRUWKHFRQYHFWLYHWHUP 
2SHQ)2$0 LPSOHPHQWHG D VOLGLQJ PHVK WHFKQLTXH FDOOHG
$UELWUDU\ 0HVK ,QWHUIDFH $0, IRU URWDWLQJ PDFKLQHU\
SUREOHPV 2SHQ)2$0  ZKLFK DOORZV VLPXODWLRQ
DFURVV GLVFRQQHFWHG EXW DGMDFHQW PHVK GRPDLQV HLWKHU
VWDWLRQDU\ RU PRYLQJ UHODWLYH WR RQH DQRWKHU$QG$0, LV
DGRSWHG LQ WKLV VWXG\ IRU WKH URWDWLRQRI ZLQG WXUELQH7KH
SUHVFULEHG VXUJH KHDYH DQG SLWFK PRWLRQ UHVSRQVHV DUH
DSSOLHG WR WKH ZKROH FRPSXWDWLRQDO GRPDLQ LQFOXGLQJ WKH
URWRUGRPDLQLQVXFKDZD\WKDWWKHSRVLWLRQDQGURWDWLRQRI
WKHWXUELQHURWRUDUHGHWHUPLQHGE\WKHVXSHULPSRVHGPRWLRQ
RILWVRZQURWDWLRQDQGWKH'R)SODWIRUPPRYHPHQW 
3 Computational Model 
3.1 *HRPHWU\ 
7KH 15(/ 3KDVH 9, ZLQG WXUELQH LV XVHG LQ WKLV VWXG\
$OWKRXJK WKLV PRGHO ZDV LQLWLDOO\ GHVLJQHG IRU WKH
DSSOLFDWLRQ XQGHU RQVKRUH VFHQDULRV WKH DYDLODELOLW\ RI
H[SHULPHQWDO GDWD +DQG HW DO  IURP WKH 1DWLRQDO
5HQHZDEOH (QHUJ\ /DERUDWRU\ 15(/ PDNHV LW D SRSXODU
YDOLGDWLRQFDVHIRUFRGHVVWXG\LQJDHURG\QDPLFSHUIRUPDQFH
RIZLQGWXUELQHV$VDUHVXOWWKLVPRGHOLVXVHGIRUYDOLGDWLRQ
ILUVW DQG WKHQ DV D EDVH PRGHO IRU FDVHV ZLWK SUHVFULEHG
SODWIRUPPRWLRQ 
7KH 15(/ 3KDVH 9, ZLQG WXUELQH LV D WZREODGH XSZLQG
PRGHO DQG HDFK EODGH XVHV WKH 15(/ 6 DLUIRLO SURILOH
VKRZQLQ)LJDWPRVWRILWVVSDQZLVHFURVVVHFWLRQV7KH
OHQJWKRIWKHEODGHLVPIURPWLSWRWKHURWDWLRQD[LV2I
DOOWKHFRQILJXUDWLRQVWHVWHGE\15(/DWLSSLWFKDQJOHRI
GHJUHHVLVXVHGDQG]HUR\DZDQJOHLVDSSOLHG$&$'PRGHO
IRUWKHZLQGWXUELQHLVVKRZQLQ)LJ7KHKXEQDFHOOHDQG
WRZHU DUH QRW FRQVLGHUHG KHUH IRU VLPSOLFLW\ 'HWDLOHG
JHRPHWU\SDUDPHWHUVFDQEHIRXQGLQWKH15(/UHSRUW+DQG
HWDO 
 
)LJ3URILOHRI15(/6DLUIRLO 
 
)LJ&$'PRGHORI15(/3KDVH9,ZLQGWXUELQH 
3.2 &RPSXWDWLRQDO0HVK 
7KHRYHUDOOFRPSXWDWLRQDOGRPDLQLVDODUJHF\OLQGHUVKRZQ
LQ )LJ  ZLWK D GLDPHWHU RI ' ZKHUH ' VWDQGV IRU WKH
GLDPHWHURIWKHURWRU7KHLQOHWDQGRXWOHWERXQGDULHVDUH'
DQG ' DZD\ IURP WKH URWRU UHVSHFWLYHO\ 7KH URWRU LV
VXUURXQGHG E\ D VPDOOHU F\OLQGHU UHJLRQ DQG WKH IDFHV
FRQQHFWLQJWKHWZRF\OLQGHUUHJLRQVDUHGHILQHGDVWKH$0,
VOLGLQJ LQWHUIDFH )RU D IL[HG ZLQG WXUELQH VLPXODWLRQ WKH
LQQHU VPDOOHU F\OLQGHU UHJLRQ RU URWRU UHJLRQ ZLOO URWDWH
DERXW D SUHGHILQHG D[LV ZKLOH WKH RXWHU GRPDLQ RU VWDWRU
UHJLRQZLOOPDLQWDLQVWDWLF 
 
)LJ2YHUDOOFRPSXWDWLRQDOGRPDLQ 
7KH EXLOWLQ VQDSS\+H[0HVK XWLOLW\ LQ 2SHQ)2$0 LV
DGRSWHGIRUPHVKJHQHUDWLRQ7KLVXWLOLW\LVYHU\SRZHUIXO\HW
HDV\ WRXVHDQGFDSDEOHRIJHQHUDWLQJKH[DKHGUDGRPLQDQW
PHVK 2SHQ)2$0  $Q LOOXVWUDWLRQ RI WKH RYHUDOO
FRPSXWDWLRQDOPHVKFDQEHVHHQLQ)LJ'HWDLOHGPHVKQHDU
EODGHLVDOVRVKRZQLQ)LJ 
 
)LJ2YHUDOOFRPSXWDWLRQDOPHVK 
 
)LJ'HWDLOHGPHVKQHDUEODGH 
6LQFH WKH NȦ 667 WXUEXOHQFH PRGHO LPSOHPHQWHG LQ
2SHQ)2$0 LV D KLJK5H\QROGV PRGHO ZDOO IXQFWLRQV DUH
XVHGDWWKHURWRUERXQGDU\IRUNDQGȦYDULDEOHV$VSDFLQJRI
PLVDSSOLHGIRUQHDUZDOOJULGFHOOVWRPDNHVXUHWKH
\YDOXHOLHVLQVLGHWKHLQWHUYDORI>@)LYHOD\HUVRI
ERXQGDU\ OD\HU FHOOV DUH DGGHG QHDU WKH URWRU ERXQGDU\ WR
EHWWHU FDSWXUH WKH IOXLG IORZ QHDU WKH URWRU 7KH RYHUDOO
FRPSXWDWLRQDOJULGVL]HLVRYHUPLOOLRQ 
4 Validation 
9DOLGDWLRQLVILUVWGRQHIRUWKHRULJLQDOO\IL[HGZLQGWXUELQH
PRGHO)RXUGLIIHUHQWZLQGYHORFLWLHVDQGPV
<XDQFKXDQ/LXHWDO,QYHVWLJDWLRQRIWKHHIIHFWVRIWKHSODWIRUPPRWLRQRQWKHDHURG\QDPLFVRIDIORDWLQJRIIVKRUHZLQGWXUELQH  
 
 
DUHLQYHVWLJDWHGDQGWKHURWDWLRQDOVSHHGLVFRQVWDQWO\IL[HG
DW530 
4.1 7KUXVWDQG7RUTXH 
7KUXVWDQGWRUTXHDUHWZRRIWKHPRVWLPSRUWDQWDHURG\QDPLF
SHUIRUPDQFHSDUDPHWHUV IRUDZLQG WXUELQH7KH\UHSUHVHQW
WKH LQWHJUDWHG ORDGLQJ RQ WKH WXUELQH 'XH WR XQVWHDGLQHVV
FDXVHGE\IORZWXUEXOHQFHERWKWKUXVWDQGWRUTXHYDU\ZLWK
UHJDUGV WR WLPH7KHUHVXOWVSUHVHQWHGKHUHDUHREWDLQHGE\
DYHUDJLQJ WKH WLPH KLVWRU\ FXUYHV RYHU D FHUWDLQ SHULRG RI
WLPH $ FRPSDULVRQ EHWZHHQ WKH SUHVHQW UHVXOWV DQG GDWD
REWDLQHG IURP WKH 15(/ UHSRUW +DQG HW DO  LV
GHPRQVWUDWHG LQ )LJ  7KH YHUWLFDO EDUV LQ WKH ILJXUHV
UHSUHVHQW WKH H[SHULPHQWDO VWDQGDUG GHYLDWLRQ 1XPHULFDO
UHVXOWVWKURXJK&)'VLPXODWLRQE\Li et al. 2012DUHDOVR
VKRZQKHUHIRUFRPSDULVRQ 
 
(a) 7KUXVW 
 
(b) 7RUTXH 
)LJ&RPSDULVRQRIWKUXVWDQGWRUTXH 
2YHUDOOJRRGDJUHHPHQWKDVEHHQDFKLHYHGIRU WKHSUHVHQW
UHVXOWVDQGWKHH[SHULPHQWDOGDWD LQGLFDWLQJWKHYDOLGLW\RI
DSSO\LQJWKHFXUUHQW&)'VROYHUWRZLQGWXUELQHVLPXODWLRQ
,Q WKH PHDQZKLOH ERWK WKUXVW DQG WRUTXH REWDLQHG LQ WKLV
VWXG\DOVRDJUHHUHPDUNDEO\ZHOOZLWKWKRVHIURP/L¶VSDSHU
ZKLFKIXUWKHUYDOLGDWHVWKHWRRO 
4.2 3UHVVXUH&RHIILFLHQWV 
3UHVVXUHFRHIILFLHQWFDQUHIOHFWORFDODQGPRUHGHWDLOHGIORZ
LQIRUPDWLRQWKDQWKUXVWDQGWRUTXHDQGLVGHILQHGKHUHDV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ZKHUH 0P  DQG Pf DUH WKH PHDVXUHG SUHVVXUH DW D JLYHQ
ORFDWLRQDQGWKHUHIHUHQFHSUHVVXUHLQWKHIDUILHOG U  VWDQGV
IRU WKH ZLQG YHORFLW\ Z  LV WKH URWDWLRQDO VSHHG DQG r 
GHQRWHVWKHGLVWDQFHEHWZHHQWKHVHFWLRQDQGURWDWLRQFHQWUH 
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(b) 8 PV 
 
 
 
(c) 8 PV 
 
 
 
(d) 8 PV 
)LJ3UHVVXUHFRHIILFLHQWIRUGLIIHUHQWYHORFLWLHV 
)LJ  VKRZV WKH FRPSDULVRQ EHWZHHQ SUHGLFWHG DQG
PHDVXUHGSUHVVXUHFRHIILFLHQWVDWWKUHHFURVVVHFWLRQVIRUIRXU
GLIIHUHQW ZLQG YHORFLW\ YDOXHV $V FDQ EH VHHQ IURP WKH
ILJXUHVWKHSUHVVXUHFRHIILFLHQWVIURPWKHSUHVHQWVLPXODWLRQ
DJUHHTXLWHZHOOZLWKWKHH[SHULPHQWDOGDWDIRUDOOIRXUZLQG
FRQGLWLRQV$OWKRXJKVRPHGLVFUHSDQFLHVDUHQRWDEOHIRUWKH
FDVH RI WKH LQFRPLQJ ZLQG YHORFLW\ RI  PV VLPLODU
GLIIHUHQFHVZHUHDOVRIRXQGLQWKHUHVXOWVREWDLQHGE\Li et al.
2012DQGHsu et al.2014 
<XDQFKXDQ/LXHWDO,QYHVWLJDWLRQRIWKHHIIHFWVRIWKHSODWIRUPPRWLRQRQWKHDHURG\QDPLFVRIDIORDWLQJRIIVKRUHZLQGWXUELQH  
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5 Working Conditions 
7R LQYHVWLJDWH WKH HIIHFWV RI SODWIRUP PRWLRQ RQ WKH
DHURG\QDPLF SHUIRUPDQFH RI WKH ZLQG WXUELQH SUHVFULEHG
'R)SODWIRUPPRWLRQUHVSRQVHVVXUJHKHDYHDQGSLWFKDUH
VXSHULPSRVHG LQD VLQXVRLGDO IRUPRQWR WKH URWDWLRQRI WKH
WXUELQHURWRU6LQFHWKHZLQGWXUELQHZDVRULJLQDOO\GHVLJQHG
IRU RQVKRUH DSSOLFDWLRQV DVVXPSWLRQV QHHG EH PDGH LI
SODWIRUPPRWLRQLVWREHFRQVLGHUHG 
2IIVKRUHZLQG WXUELQHVXVXDOO\KDYH ODUJHU URWRUGLDPHWHUV
WKDQRQVKRUHWXUELQHV,QWKHSUHVHQWVWXG\WKHLQYHVWLJDWHG
WXUELQH LV DVVXPHG WR EH WKH  VFDOHG PRGHO RI D UHDO
RIIVKRUHIORDWLQJZLQGWXUELQHZLWKDEODGH OHQJWKRIDERXW
P7KHVXUJHKHDYHDQGSLWFKDPSOLWXGHVDUHHVWLPDWHG
EDVHG RQ WKH  VFDOH UDWLR DV  P  P DQG 
VHSDUDWHO\7KHFHQWUHRISODWIRUPSLWFKPRWLRQLVPDZD\
LQWKH]GLUHFWLRQIURPWKHFHQWUHRIURWDWLRQIRUWKHWXUELQH
URWRU8QGHUUHJXODUZDYHFRQGLWLRQVWKHPRWLRQSHULRGIRU
DOOWKUHH'R)¶VLVWKHVDPHDVWKHLQFRPLQJZDYHSHULRG)RXU
GLIIHUHQW YDOXHV IRU WKH PRWLRQ SHULRG DUH DSSOLHG WR
LQYHVWLJDWH LWV LQIOXHQFH ZKLFK DUH OLVWHG LQ 7DEOH  7KH
)URXGHVFDOLQJODZLVXVHGWRGHWHUPLQHWKHSHULRGVLQPRGHO
VFDOH)RUDOOFDVHVWKHZLQGYHORFLW\LVNHSWDVPV 
7DEOH:RUNLQJFRQGLWLRQV 
&DVH1R     
0RWLRQ3HULRGVIXOOVFDOH     
0RWLRQ3HULRGVPRGHOVFDOH     
6 Results and Discussion 
6.1 7KUXVWDQG7RUTXH 
)LJGHSLFWVWKHWKUXVWDQGWRUTXHWLPHKLVWRU\FXUYHVXQGHU
GLIIHUHQWPRWLRQSHULRGV,WFDQEHVHHQWKDWERWKWKUXVWDQG
WRUTXH DUH ODUJHO\ DIIHFWHG E\ WKH VXSHULPSRVLWLRQ RI WKH
SODWIRUPPRWLRQ,QIDFWWKHVPDOOHUWKHPRWLRQSHULRGLVWKH
ODUJHUWKHDPSOLWXGHVIRUWKUXVWDQGWRUTXHDUH$QGWKHPHDQ
YDOXHV DUH VWLOO WKH VDPHDV WKRVH LQ IL[HGFRQGLWLRQV7DNH
PRWLRQSHULRG7 VIRUH[DPSOHWKHPD[LPXPWKUXVWLV
DOPRVWKLJKHUWKDQWKHPHDQYDOXHZKLOHWKHPLQLPXP
WKUXVWLVDERXWORZHU&RQVLGHULQJWKHODUJHGLIIHUHQFH
EHWZHHQWKHH[WUHPDIDWLJXHZLOOQHHGEHWDNHQLQWRDFFRXQW
RYHUWKHGHVLJQSURFHVV9DULDQFHRIWRUTXHZLOODOVRGLUHFWO\
LQIOXHQFHWKHSRZHUJHQHUDWHGE\WKHWXUELQHZLWKUHJDUGWR
WLPH 
 
(a) 7KUXVW 
 
(b) 7RUTXH 
)LJ&RPSDULVRQRIWKUXVWDQGWRUTXHXQGHUYDULRXV
PRWLRQSHULRGV 
6.2 )ORZ)LOHG 
3UHVFULEHG SODWIRUP PRWLRQ DOVR LQIOXHQFHV WKH IORZ ILHOG
7DNH PRWLRQ SHULRG 7    V IRU H[DPSOH )LJ 
GHPRQVWUDWHVWKHSUHVVXUHGLVWULEXWLRQQHDUWKHWXUELQHURWRU
IRUIRXULQVWDQFHV$VOLFHLVPDGHDW\ LQWKHEHJLQQLQJ
DQGURWDWHVDORQJZLWKWKHWXUELQH 
 
(a) 7LPH V 
 
(b) 7LPH V 
 
(c) 7LPH V 
<XDQFKXDQ/LXHWDO,QYHVWLJDWLRQRIWKHHIIHFWVRIWKHSODWIRUPPRWLRQRQWKHDHURG\QDPLFVRIDIORDWLQJRIIVKRUHZLQGWXUELQH  
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(d) 7LPH V 
)LJ,QVWDQWDQHRXVSUHVVXUHGLVWULEXWLRQQHDUWXUELQH
URWRU 
)LJVKRZVWKHSUHVFULEHGPRWLRQZLWKUHJDUGWRWLPHRYHU
RQH SHULRG$W  V PRWLRQ LV ]HUR EXW YHORFLW\ LV DW LWV
PD[LPXP)RUVXUJHPRWLRQLWPHDQVWKDWWKHVXUJHYHORFLW\
LV LQ WKH VDPH GLUHFWLRQ DV WKH ZLQG YHORFLW\ UHGXFLQJ WKH
UHODWLYHZLQGYHORFLW\7KHSUHVVXUHGLIIHUHQFHDVVKRZQLQ
)LJEHIRUHDQGDIWHUWKHURWRULVVPDOOZKLFKFRUUHVSRQGV
WRWKHPLQLPXPWKUXVWLQ)LJ$WVDOWKRXJKPRWLRQLV
DW LWV PD[LPXP YHORFLW\ EHFRPHV ]HUR MXVW DV LQ WKH FDVH
ZLWKRXW SUHVFULEHG SODWIRUP PRWLRQ 7KH WKUXVW DW WKLV
LQVWDQFHLVYHU\FORVHWRWKHYDOXHZLWKDIL[HGZLQGWXUELQH
DVVKRZQLQ)LJ7KHSUHVVXUHGLIIHUHQFHEHFRPHVODUJHU
VRLVWKHWKUXVW$WVVXUJHYHORFLW\UHDFKHVLWVPD[LPXP
LQ WKH GLUHFWLRQ RSSRVLWH WR WKH ZLQG YHORFLW\ PDNLQJ WKH
UHODWLYHZLQGYHORFLW\ODUJHVW7KHODUJHSUHVVXUHGLVWULEXWLRQ
LQ)LJLQGLFDWHVWKHPD[LPXPWKUXVWLQ)LJ6LWXDWLRQDW
VLVYHU\VLPLODUWRWKDWDWV 
 
)LJ0RWLRQFXUYHZLWKUHJDUGWRWLPH 
)LJVKRZVWKHYRUWLFHVXVLQJWKHLVRVXUIDFHRIWKHVHFRQG
LQYDULDQW RI WKH UDWH RI VWUDLQ WHQVRU 4 DW 4    6WURQJ
YRUWLFHVFDQEHVHHQDWEODGH WLSVDVZHOODV WKHEODGHURRW
ZKHUH WKHJHRPHWU\TXLFNO\FKDQJHV IURPWKH15(/6
DLUIRLOSURILOHWRF\OLQGULFDOVHFWLRQV7KHYHUWLFDOVWUXFWXUHLV
DOVRFOHDUO\LQIOXHQFHGE\WKHSUHVFULEHGSODWIRUPPRYHPHQW
:KHQWKHWXUELQHPRYHVLQWKHZLQGGLUHFWLRQLWZLOOLQWHUIHUH
ZLWKLWVRZQZDNHUHVXOWLQJLQWKHGLVDSSHDULQJRIYRUWLFHV
DVFDQEHVHHQLQ)LJDaE:KHQWKHWXUELQHPRYHVLQ
WKHGLUHFWLRQRSSRVLWHWRWKHZLQGYHORFLW\YRUWLFHVLQFUHDVH
DJDLQDVVKRZQLQ)LJFaG 
 
(a) 7LPH V 
 
(b) 7LPH V 
 
(c) 7LPH V 
 
(d) 7LPH V 
)LJ,QVWDQWDQHRXVYRUWLFHVYLVXDOLVDWLRQ4 FRORXUHG
E\YHORFLW\PDJQLWXGH 
7 Conclusions 
,Q WKLV SDSHU DQ RSHQ VRXUFH &)' VROYHU ZDV DSSOLHG WR
SHUIRUP DHURG\QDPLF VLPXODWLRQ IRU WKH 15(/ 3KDVH 9,
ZLQG WXUELQH PRGHO 9DOLGDWLRQ ZDV ILUVW GRQH DJDLQVW
H[SHULPHQWDO WHVW XQGHU IL[HG FRQGLWLRQV 1XPHULFDO
H[SHULPHQWDWLRQZDVODWHUFDUULHGRXWE\VXSHULPSRVLQJWKH
SUHVFULEHG SODWIRUP 'R) PRWLRQ VXUJH KHDYH DQG SLWFK
RQWR WKH URWDWLRQRI WKHZLQG WXUELQH WRVLPXODWHD IORDWLQJ
<XDQFKXDQ/LXHWDO,QYHVWLJDWLRQRIWKHHIIHFWVRIWKHSODWIRUPPRWLRQRQWKHDHURG\QDPLFVRIDIORDWLQJRIIVKRUHZLQGWXUELQH  
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ZLQG WXUELQH PRYLQJ DORQJ ZLWK WKH VXSSRUWLQJ SODWIRUP
9DULRXVPRWLRQSHULRGVZHUHWHVWHGDQGDHURG\QDPLFWKUXVW
DQGWRUTXHRIWKHZLQGWXUELQHZHUHFRPSDUHG,WZDVIRXQG
WKDWERWKWKUXVWDQGWRUTXHZRXOGEHODUJHO\LQIOXHQFHGE\WKH
SUHVFULEHG SODWIRUP PRWLRQ LQGLFDWLQJ WKDW WKH PRWLRQ
UHVSRQVH RI WKH VXSSRUWLQJ SODWIRUP IRU D IORDWLQJ ZLQG
WXUELQH VKRXOG EH WDNHQ LQWR DFFRXQW GXULQJ WKH GHVLJQ
SURFHVV)OXLG ILHOGYDULDEOHVVXFKDVSUHVVXUHDQGYRUWLFHV
ZHUH DOVR YLVXDOLVHG DQG DQDO\VHG ,Q WKH QH[W VWHS WKH
PRWLRQUHVSRQVHRIWKHSODWIRUPZRXOGEHFRPSXWHGGXHWR
ERWKZDYHDQGZLQGORDGLQJUDWKHUWKDQSUHVFULEHGWREHWWHU
UHSUHVHQWZRUNLQJFRQGLWLRQV 
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